Forage sorghum [Sorghum bicolor (L.) Moench] possesses several agronomic characteristics that make it a potential candidate for biofuel feedstock production. While agronomic characteristics are necessary, other factors must be considered to determine whether forage sorghum can be an economically viable biorefinery feedstock. The objective of the research was to determine forage sorghum yield response to N, the optimal level of N fertilizer, and forage sorghum's farm gate production costs when produced for use as a biomass feedstock crop. Data were produced in two Oklahoma field experiments: one conducted at Chickasha in 2008 and 2009, and one conducted at Chickasha and Stillwater in 2010 and 2011. Treatments included four N rates and different cultivars. A linear response plateau functional form was found to provide a better fit to the data than the quadratic model for the 2008 to 2009 study. The estimated optimal N rate was 99.6 kg ha -1 and the average plateau yield was 17.4 Mg ha -1 . For an N price range of US$0.56 to US$2.22 kg -1 , the expected farm gate production cost ranged from US$55 to US$65 Mg -1 . Biomass yield did not respond to N fertilization at either location in the drought year of 2011 when April through September precipitation was 45% of the long-term average. Year-to-year biomass yield variability would be problematic for a regional biorefinery designed to use forage sorghum exclusively. In addition, storage, transportation, and surface residue issues remain to be resolved before entrepreneurs are likely to be willing to invest in biorefineries designed to process forage sorghum feedstock.
Authors of the 2011 Billion-Ton Update of the USDOE concluded that 16 to 24 million ha of U.S. cropland and pasture land could be converted to produce dedicated energy crops (USDOE, 2011) . They evaluated forage sorghum as a model dedicated annual energy crop because it possesses several agronomic characteristics that make it a potential candidate for biofuel feedstock production. Because it can be grown as an annual, it has been hypothesized that forage sorghum could strategically be grown to fill production gaps associated with establishment lags in perennial crops and to supplement biorefinery requirements in years when contracted perennials fail to meet production targets (Sanderson and Adler, 2008; Turhollow et al., 2010) . Forage sorghum is also attractive because of its yield potential, water-use efficiency, drought tolerance, rotation possibilities, and its established production system, including seed production infrastructure and the potential for genetic improvement (Rooney et al., 2007; Sanderson and Adler, 2008; Rooney, 2009; Turhollow et al., 2010) .
Agronomic studies examining the yield potential of forage sorghum have reported high yields across time and space from a wide range of N application rates (Hallam et al., 2001; Tamang et al., 2011; Propheter et al., 2010; Venuto and Kindiger, 2008; Maughan et al., 2012; Amosson et al., 2011) . For example, Hallam et al. (2001) reported the average dry matter yield of forage sorghum to be 14.2 Mg ha -1 in Iowa when 140 kg ha -1 of N was applied. The study also found that forage sorghum yields outperformed yields of other feedstocks such as perennial grasses and corn (Zea mays L.) during a 5-yr period. Similar to the yields reported by Hallam et al. (2001) , Amosson et al. (2011) found that dryland sorghum in Texas produced 15.3 Mg ha -1 with 168 kg ha -1 N fertilization. In Oklahoma, Venuto and Kindiger (2008) evaluated several forage sorghum cultivars under different harvest management practices and, with 84 kg N ha -1 , they reported mean forage sorghum yields of 27 and 25.5 Mg ha -1 for a single and double harvest, respectively. A Kansas study by Propheter et al. (2010) also demonstrated the high biomass yield potential of forage sorghum and produced a yield of 20 Mg ha -1 with 180 kg N ha -1 . Maughan et al. (2012) concluded that forage sorghum was a potential bioenergy feedstock in Illinois because of its long vegetative growth period and high biomass production.
While agronomic characteristics are necessary, other factors must be considered to determine whether forage sorghum can be an economically viable biobased products feedstock. Research is ongoing to determine if a technology can be developed to produce economically competitive biobased products from lignocellulosic feedstock. If the technology is developed, forage sorghum would have to be a lower cost feedstock than alternative biomass sources such as urban waste, forest and wood byproducts, crop residues, and alternative biomass crops such as switchgrass (Panicum virgatum L.) and miscanthus (Miscanthus ´ giganteus J.M. Greef & Deuter ex Hodk. & Renvoize).
The production of forage sorghum would require the use of cropland or high-quality pasture land as well as fertilizer including N. Applying too much N could unnecessarily increase production costs and have adverse effects on the environment, whereas too little N could compromise profitability by producing less than optimal yields (Cerrato and Blackmer, 1990) . Thus, specifying a response function for determining the optimal N fertilizer level would be necessary to calculate the expected cost of producing forage sorghum. These cost estimates can be used to determine if forage sorghum can compete with alternative feedstocks at fulfilling the advanced biofuel mandate. Few studies have examined the economics of producing forage sorghum for biomass feedstock. Hallam et al. (2001) concluded that for Iowa agronomic and economic conditions, forage sorghum had lower production costs per megagram than alternative biomass feedstocks. By contrast, Griffith et al. (2014) estimated that the cost to produce and deliver forage sorghum in Oklahoma based on an assumed N rate of 101 kg ha -1 was less competitive than switchgrass. Similarly, Amosson et al. (2012) found that energy biomass sorghum did not have a cost advantage over sweet sorghum in Texas. In much of this prior research, production cost estimates were based on an N rate assumed to be non-limiting as opposed to the optimal N rate from a yield response function. Tamang et al. (2011) fitted a quadratic biomass yield response to N function and determined that the optimal N fertilization level ranged from 59 to 108 kg ha -1 when forage sorghum biomass was used to produce ethanol. Maughan et al. (2012) attempted to fit a quadratic plus plateau functional form to describe the forage sorghum response to N, but used a linear function instead. Neither of these two studies estimated farm gate costs of production.
The objective of this research was to determine the forage sorghum yield response to N, the optimal level of N fertilizer, and forage sorghum's farm gate production costs when produced for use as a biomass feedstock crop. This research differed from prior studies in that the forage sorghum yield response to N fertilizer data were produced from two experiments each conducted for 2 yr. Data from the experiments were used to model the biomass yield response to N. Under the assumption that input and output prices are exogenous, the response function with the best statistical properties was used to determine the economically optimal N rate, which was used in combination with other inputs to determine the expected cost of production. The study will contribute toward the ongoing research effort to determine the economics of using forage sorghum relative to alternative sources of lignocellulosic biomass feedstock for the nascent biobased products industry.
MAteriAls And Methods

Agronomic Factors
Forage sorghum yield data were generated in two field experiments ( 2009, 2010, and 2011 . The sorghum cultivar was the main plot and N rates were the subplot. The plot sizes were 6 by 9 m at Chickasha and 9 by 9 m at Stillwater. The N fertilization rates were chosen based on soil characteristics, expected rainfall, and levels reported in prior studies in which forage sorghum was grown to produce biomass feedstock. The 252 kg N ha -1 treatment was included to attempt to ensure that N was not the yield-limiting factor.
Soil testing was done before initiation of the experiments to ensure adequate pH, P, and K. Plots were sprayed with s-metolachlor (2-chloro-N-(2-ethyl-6-methylpheny)-N-[(1S)-2-methoxy-1-methylethy]acetamide) herbicide in April before planting to control weeds. Seeds were coated with fluxofenim [4¢-chloro-2,2,2-trifluoroacetophenone (EZ)-O-1,3-dioxolan-2-ylmethyloxime] seed safener to protect them from the herbicide. The specific planting, fertilization, and harvest dates for each experiment are reported in Table 1 . The sorghum was planted in 38-cm rows at a depth of 2.54 cm with a no-till drill in May at a rate of 4.5 kg seed ha -1 . Nitrogen fertilizer in the form of 28% liquid N (urea-NH 4 NO 3 ) (28-0-0) was applied within 3 wk of the planting date. Harvest of the forage sorghum took place in mid-November after the first frost. The sorghum was cut at a moisture content of 50% and was allowed to dry for several days before baling at a moisture content of 30 to 35%. Yield data were collected and converted to a dry matter basis.
Yield response to nitrogen
Yield response functions were estimated to facilitate the determination of the optimal N rate. Previous studies estimated the linear and quadratic functional forms to fit the forage sorghum biomass yield response to N (Tamang et al., 2011; Maughan et al., 2012) . Before estimating the yield response Exp. II (2010 -2011 by performing means separation using the SAS least square means (lsmeans) test with Tukey adjustment at P £ 0.05 (SAS Institute, 2003) . The preliminary data analysis motivated the consideration of three functional forms for the present study: linear, quadratic, and linear response plateau (LRP). The models were specified as: Quadratic:
LRP:
Linear:
where y itjl is sorghum yield (Mg ha -1 ) from the ith N treatment for the jth cultivar in the lth location at time t, b 0 is the intercept parameter, b 1 , b 2 , b 3 , and b 4 are the slope coefficients to be estimated, N i is the level of N (i = 0, 84, 168, and 252 kg ha -1 ), N i 2 is the quadratic term for N, D ji s is a dummy variable for the jth cultivar (j = 1, 2, or 3), D l k is a dummy variable for the lth location (l = 1 or 2), P m is the average plateau yield, v t ? N(0,s v 2 ) is the year random effect, and e itjl is the heteroskedastic error term modeled as e itjl ? N(0,s e 2 = m 0 + m z Yr zt ), where Yr zt are year dummy variables, and v t and e itjl are assumed to be independent.
The quadratic and linear models were implemented using the SAS MIXED procedure, and the LRP model was estimated using the SAS NLMIXED procedure (SAS Institute, 2003) . Further, the models were compared using the log-likelihood value to determine the function that would best fit the data, and the model with the smaller negative log-likelihood value was preferred (Pollak and Wales, 1991; Boyer et al., 2012) . The model with the best statistical properties was used to determine the optimal N rate. The optimal N rate for the quadratic function can be computed as N* = (b 1 -r N /p)/2b 2 , where r N and p are the N and biomass prices. For the LRP, the optimal N rate occurs either at zero or at the plateau. When the marginal value product is greater than the marginal factor cost, the optimal N rate can be computed as (P m -b 0 )/b 1 (Tembo et al., 2008; Tumusiime et al., 2011; Boyer et al., 2012) . Table 2 . Monthly average of mean daily air temperature and total precipitation at Chickasha, OK, from 2008 to 2011 and a 30-yr average (sources: http://ggweather.com/normals/OK71.htm, www.mesonet.org/index.php/weather/station_monthly_summaries, and www.mesonet.org/index. php/weather/monthly_rainfall_table/chic). economic Factors A rational producer could be expected to select the level of N fertilizer to maximize the expected net return subject to the biomass yield response to N function. The risk-neutral decision maker's objective function was to maximize the expected net return (ha -1 ), which was modeled as
where E(p) is the expected net return from producing forage sorghum for biomass (US$ ha -1 ), p is the price of forage sorghum biomass feedstock (US$ Mg -1 ), E[y(N) ] is the expected sorghum yield (Mg ha -1 ) as a function of N rate (kg N ha -1 ), r N is the price of N (US$ kg -1 ), H(y) is the harvest cost as a function of yield, and O represents other costs (US$ ha -1 ). A standard enterprise budgeting approach was used to calculate the expected production costs on a per-hectare basis (Table 4 ). The budget included an average unit seed price across the three cultivars for a seed quantity of 4.5 kg ha -1 . The costs of field operations were based on average custom operation rates for Oklahoma (Doye and Sahs, 2012) . These operations included no-till planting, chemical and fertilizer application, and harvesting (swathing, raking, and baling). Swathing and raking were budgeted per land unit, whereas baling costs were budgeted as a function of biomass yield. The unit cost of swathing was US$33.56 ha -1 , while the budgeted cost to form a 1.2-by 1.2-by 2.4-m rectangular solid 550 kg dry matter bale was US$14.64 per bale. The budgeted land rental cost was US$111 ha -1 (Turhollow and Epplin, 2012) , and the budgeted N price used was US$1.11 kg -1 . A 7% interest rate was charged for annual operating capital (Griffith et al., 2010) . Input and output prices were assumed to be exogenous. Biomass prices of US$50, US$65, and US$80 Mg -1 were used to estimate the expected net return (Haque et al., 2009 (Haque et al., , 2013 . Farm gate production costs were computed for N prices of US$0.56, US$1.11, and US$2.22 kg -1 .
results Table 5 reports the mean annual biomass forage sorghum yield by N rate, cultivar, location, and year from both Exp. I (2008 -2009 ) and Exp. II (2010 -2011 . Biomass yield produced from Exp. I (2008-2009) for both cultivars (Hybrid N1990 and Sordan Headless) did not respond significantly to N fertilization in 2008. The plots could have been affected by N carried over from prior experiments on the plots, which had been seeded to sorghum in 2007. In 2009, both cultivars showed significant biomass yield increases with N fertilization. Biomass yield increased significantly only from 0 to 84 kg N ha -1 . When N fertilization was increased beyond 84 kg ha -1 , no statistically significant increase in biomass yield occurred, which suggests a plateau functional form. The mean biomass yield (11.2 Mg ha -1 ) in 2009 was significantly lower than the mean biomass yield (20.6 Mg ha -1 ) produced in 2008. The difference in biomass yield across the two growing seasons may have been a function of differences in weather (Table 1) (Davis et al., 2008) . Sordan Headless produced greater yields than Hybrid N1990 during the 2-yr period. Sordan Headless produced an average biomass yield of 16.9 Mg ha -1 , whereas the average biomass yield produced by Hybrid N1990 was 14.8 Mg ha -1 .
For Exp. II (2010-2011), Ceres ES 5200 was seeded in 2010 and 2011 at Chickasha and Stillwater. In 2010, the biomass yields responded to N application at Chickasha, but no statistically significant response was observed at Stillwater. The plots at Stillwater were previously seeded to alfalfa (Medicago sativa L.), which may have precluded any notable response to N fertilization. 368.15 § † 6-chloro-N-ethyl-N¢-(1-methylethyl)-1,3,5-triazine-2,4-diamine. ‡ Costs vary with the level of input and or yield. § Includes all per-hectare costs except for N application since this cost would be zero if the farmer did not apply any N.
Similarly, no significant biomass yield response was detected from the various N rates in 2011 at both locations. The lack of response to N and the low biomass yield produced in 2011 were due to a drought. At both locations, the average temperature between April and October in 2011 was above the 30-yr mean daily average temperature, whereas total precipitation fell to 38 and 23 cm at Chickasha and Stillwater, respectively (Tables 2  and 3 ). While forage sorghums are more drought tolerant than some species such as corn, prior studies have reported that total precipitation of at least 40 cm is required to support growth (Redmon and Hendrickson, 2007; Venuto and Kindiger, 2008) . The mean biomass yield produced during the 2 yr (2010) (2011) for Chickasha (11.5 Mg ha -1 ) was not statistically different from the mean biomass yield produced at Stillwater (11.4 Mg ha -1 ). The combined biomass yield for 2010 and 2011 tended to increase at higher levels of N but not significantly.
Based on preliminary analysis of the mean biomass yield in Table 5 , the linear, quadratic, and LRP models were estimated for Exp. I (2008 Exp. I ( -2009 ) and a linear function was considered for Exp. II (2010 II ( -2011 . Regression parameter estimates for all three models are reported in Table 6 . For Exp. I (2008 Exp. I ( -2009 ), the models were compared based on their respective estimated maximum likelihood values to determine the model with the best statistical properties. The LRP was the superior model because it had a smaller -2 log-likelihood value than the linear or quadratic models (Pollak and Wales, 1991; Tumusiime et al., 2011; Boyer et al., 2012) . The Akaike information corrected criterion and the Bayesian information criterion values (Greene, 2000) were smallest for the LRP, hence the LRP was also favored by these criteria. The LRP fitted the biomass yield data produced from Exp. I (2008 Exp. I ( -2009 ) better than the linear or quadratic models, which was reasonable because the biomass yield produced in the study did not change significantly at higher N rates. The LRP was used for economic analysis of biomass yield produced from Exp. I (2008 Exp. I ( -2009 .
The parameter estimates from the LRP (Table 6) suggested that applying 1 kg of N increased the mean yield by 0.05 Mg ha -1 until plateau yield levels of 18.4 Mg ha -1 for Sordan Headless and 16.3 Mg ha -1 for Hybrid N1990 were achieved, when N was no longer the limiting factor. This yield was comparable to forage sorghum biomass yield estimates reported by prior studies (Hallam et al., 2001; Amosson et al., 2011; Propheter et al., 2010) . The estimated optimal N rate was 99.6 kg ha -1 . This finding is consistent with earlier studies that reported optimal N rates ranging from 59 to 108 kg ha -1 (Tamang et al., 2011) .The economic condition for application of this N rate (99.6 kg ha -1 ) was that the marginal value product should be greater than the marginal factor cost. For the assumed feedstock prices (US$50, US$65, and US$80 Mg -1 ) and N prices (US$0.56, US$1.11, and US$2.22 kg -1 ), the marginal value product was found to be greater than the marginal factor cost for all input and output price combinations for Exp. I. Based on the estimated cost of the optimal N rate for Exp. I along with other costs including land rental value and harvest costs (Table 4) , and the corresponding expected yield, the farm gate cost of production was estimated. At the optimal N rate of 99.6 kg ha -1 and for an N price range of US$0.56 to US$2.22 kg -1 , the expected farm gate production cost ranged from US$55 to US$65 Mg -1 (Table 7) . For the budgeted prices and quantities, a biomass price less than US$55 Mg -1 would result in negative expected returns. Expected net returns for nine combinations of N price and farm gate biomass price are also reported in Table 7 . Expected net returns are positive for a farm gate biomass price of US$80 Mg -1 across all three budgeted N prices and for a biomass price of US$65 Mg -1 for N prices of US$1.11 kg -1 or less. In addition to the farm gate cost of production, storage and transportation costs would be incurred to deliver a flow of feedstock to a biorefinery throughout the year.
Because the data produced from Exp. II did not result in a statistically significant response function, the farm gate cost of production and expected net returns were computed for the average yield produced across the two locations for both 2010 and 2011. Cost estimates were based on an N rate of 84 kg ha -1 , which was the treatment level closest to the optimal level of 99.6 kg ha -1 as determined by Exp. I. For 2010, the farm gate cost of production, given the average yield of 20.2 Mg ha -1 , ranged from US$51 to US$58 Mg -1 across the three budgeted N prices (Table 7) . However, for the drought year of 2011, the farm gate cost of production, given the average yield of 2.1 Mg ha -1 obtained from the 84 kg N ha -1 treatment, ranged from US$245 to US$316 Mg -1 .
discussion
Based on the response function fitted to the 2008 and 2009 data produced at Chickasha, the estimated optimal level of N was 99.6 kg ha -1 with an average expected plateau yield of 17.4 Mg ha -1 . For an N price of US$1.11 kg -1 , the farm gate expected cost of production was US$59 Mg -1 . These findings are within the range of estimates reported in other studies for other regions. Yield did not respond to N fertilization at either location in the initial year of the experiments. This finding was also similar to that reported by others, including Tamang et al. (2011) , who found that plot management in the years before biomass yield response to N experiments influenced results in the initial year.
Biomass yield did not respond to N fertilization at either location in the drought year of 2011. April through September 2011 precipitation was 52% of the long-term average at Chickasha and 36% of the long-term average at Stillwater. The average biomass yield across all treatments and both locations was 1.8 Mg ha -1 in 2011. In 2010, when the April through September precipitation was 99% of the long-term average at Chickasha and 112% of the long-term average at Stillwater, the average biomass yield across both locations was 21.1 Mg ha -1 .
The year-to-year biomass yield variability revealed what would be a very serious issue for a biorefinery in the region designed to use exclusively forage sorghum as a feedstock. Given the expected cost to transport bulky biomass, a lignocellulosic biorefinery could be expected to depend on locally sourced feedstock. Potential biorefinery investors would expect a business plan that includes reasonable assurance that a dependable and consistent flow of feedstock would be available for the expected life of the biorefinery. Insufficient feedstock would force the biorefinery to idle. Idling would be costly and could jeopardize meeting cash flow requirements. A biorefinery designed to use 700,000 Mg yr -1 would have required production from 33,175 ha to fulfill its annual need given the average yield produced in 2010. However, in the drought year of 2011, more than 388,000 ha would have been required, given the average yield across the four treatments and two locations. A plan for managing this revealed year-to-year yield variability would be an essential component of a lignocellulosic biorefinery business plan. Additional research would be required to address alternatives for managing feedstock production risk. Managing the risk associated with variability in feedstock production would be a concern not only for forage sorghum but for other dedicated energy crops.
An additional challenge with the use of forage sorghum as a biomass feedstock is that in some years the weather may preclude field drying of the material to a level enabling safe baling. The sorghum was cut at a moisture content of 50% and was allowed to dry for several days before baling. Biomass from the plots was baled at a moisture content of 30 to 35%. For a commercial operation, this level of moisture could be problematic. If the bales were immediately transported for processing, they would contain a substantial quantity of water that would add to the expense of transportation. Storing bales at a moisture content of 30 to 35% increases the risk of mold, premature fermentation, and potential spontaneous combustion and may change the characteristics and thus the value of the biomass.
The material could be harvested with a field chopper similar to what is done to harvest silage for livestock. However, silage systems involve the transport of substantial quantities of water. The best strategy for harvest would depend in part on whether the conversion system is designed to process wet or dry material. Providing a flow of material of consistent quality throughout the year to a biorefinery could be more challenging for a feedstock that is relatively more difficult to store.
An additional issue that may be of concern for forage sorghum relative to alternative biomass feedstocks is that postharvest surface residue may be limited. Additional research would be required to identify cover crop systems for mitigating the risk of soil loss between harvest and planting.
Under some conditions, forage sorghum could produce substantial quantities of biomass for use as biorefinery feedstock. However, a number of issues including year-to-year yield variability, storage, transportation, and maintenance of surface residue between crops, remain to be resolved before entrepreneurs are likely to be willing to invest in biorefineries designed to process it.
